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Microbes occupy diverse ecological niches and only through recent advances in next
generation sequencing technologies have the true microbial diversity been revealed.
Furthermore, lack of perceivable marine barriers to genetic dispersal (i.e., mountains
or islands) has allowed the speculation that organisms that can be easily transported
by currents and therefore proliferate everywhere. That said, ocean currents are now
commonly being recognized as barriers for microbial dispersal. Here we analyzed
samples collected from a total of six stations, four located in the Indian Ocean, and
two in the Southern Ocean. Amplicon sequencing was used to characterize both
prokaryotic and eukaryotic plankton communities, while shotgun sequencing was used
for the combined environmental DNA (eDNA), microbial eDNA (meDNA), and viral
fractions. We found that Cyanobacteria dominated the prokaryotic component in the
South-West Indian Ocean, while γ-Proteobacteria dominated the South-East Indian
Ocean. A combination of γ- and α-Proteobacteria dominated the Southern Ocean.
Alveolates dominated almost exclusively the eukaryotic component, with variation in the
ratio of Protoalveolata and Dinoflagellata depending on station. However, an increase
in haptophyte relative abundance was observed in the Southern Ocean. Similarly,
the viral fraction was dominated by members of the order Caudovirales across all
stations; however, a higher presence of nucleocytoplasmic large DNA viruses (mainly
chloroviruses and mimiviruses) was observed in the Southern Ocean. To our knowledge,
this is the first that a statistical difference in the microbiome (from viruses to protists)
between the subtropical Indian and Southern Oceans. We also show that not all
phylotypes can be found everywhere, and that meDNA is not a suitable resource for
monitoring aquatic microbial diversity.
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INTRODUCTION
Microbes constitute more than 90% of oceanic biomass (Suttle,
2007). With more than 70% of the Earth’s surface covered
by ocean, they drive almost half of the global net primary
production (Azam et al., 1983; Cho and Azam, 1990; Field,
1998). Despite being so abundant, we have yet to uncover
their full significance in ocean processes. This is largely due to
the fact that the majority of microorganisms cannot be grown
in the laboratory (Handelsman, 2004) and are challenging to
identify morphologically. However, thanks to the developments
in sequencing technologies, we are now unveiling marine
microbial diversity without the need for cultivation (Loman
et al., 2012; Flaviani et al., 2017). Nevertheless, the majority of
sequences coming from marine (Sogin et al., 2006; Brum et al.,
2013), soil (Roesch et al., 2007), or human gut (Turnbaugh et al.,
2009) microbiome studies still remain largely uncharacterized.
Over the past 15 years, various attempts have been made to
explore the microbiomes of the world’s oceans: these including
expeditions such as the Global Ocean Sampling (2003–2010)
(Rusch et al., 2007), Tara Ocean Expedition (2009–2012)
(Sunagawa et al., 2015), Malaspina, 2010 (Laursen, 2011),
or various census programs such as the Earth Microbiome
program (Gilbert et al., 2011) and the Micro B3 which lead the
Ocean Sampling Day (Kopf et al., 2015). However, microbial
communities are rarely dispersed uniformly in both time and
space (Deacon, 1982; Cao et al., 2002; Frederickson et al., 2003;
Seymour et al., 2006; Lebret et al., 2016) and no common protocol
exists for sampling and analyzing microbial communities (Zinger
et al., 2012; Lebret et al., 2016).
Despite all these efforts, there is still a debate regarding the
dispersal limits of microorganisms: is it true that “everything
is everywhere, but the environment selects,” as first stated by
Beijerinck (1913) and subsequently by Becking (1934). Recent
studies emphasize the importance of the environment, stating
that microbial diversity is structured by both geography and
the environment (Williamson et al., 2008; de Vargas et al.,
2015; Malviya et al., 2015), with the presence of microbial
spatial patterns (Green and Bohannan, 2006). However, physical
barriers in the marine environment are less perceptible than
inland barriers, but are still important (Palumbi, 1992, 1994).
The Antarctic Polar Front (APF) (Ikeda et al., 1989; Belkin
and Gordon, 1996) for instance, can form an open ocean
dispersal barrier due to intense currents and a 3–4◦C horizontal
thermocline (Eastman, 1993; Thornhill et al., 2008). The
Southern Indian Ocean is characterized by upper warm and salty
water that moves into the South Atlantic Ocean through a system
of leakages (Donners and Drijfhout, 2004; Beal et al., 2011), which
also regulate the thermohaline circulation cell (Gordon, 1986)
impacting the climate globally (Beal et al., 2011). In contrast, the
Southern Ocean, of which the flow is dominated by the eastward-
flowing Antarctic Circumpolar Current (ACC), is a high nutrient
and low chlorophyll region with evidence of iron limitation,
characterized by low phytoplankton biomass, which remains
constant throughout the year (Popova et al., 2000). The presence
of fronts such as the APF has been shown to influence the genetic
flow for larger eukaryotes such as worms (Thornhill et al., 2008),
toothfish (Shaw et al., 2004), and the brittle star (Hunter and
Halanych, 2008). Prokaryote communities also appear to be
separated by ocean fronts (Giebel et al., 2009; Wilkins et al.,
2013; Baltar et al., 2016; Milici et al., 2017). Similarly, others
have shown that the spatial distribution of phytoplankton groups,
identified by pigment data, was highly correlated with ocean
surface thermal gradients across the ACC (Mendes et al., 2015).
Nevertheless, this study represents the first attempt to study the
whole microbial community in one go, which includes viruses
and protists.
Here, we present the microbiome (viruses, bacteria, and
protists) of two oceanic regions of the Indian Ocean basin (South-
West and South-East), and an adjacent oceanic region of the
Southern Ocean, which is separated from the Indian Ocean by the
APF. Amplicon sequencing was used to identify the microbiota
present: the V4 region along the 16S rRNA gene and the V9
region of the 18S rRNA gene were used to analyze the prokaryotic
and eukaryotic communities, respectively. Furthermore, the viral
fraction together with the dissolved or environmental DNA
(eDNA) was analyzed using the metagenome shotgun Illumina-
sequencing approach. The microbial eDNA (meDNA) represents
the theoretical free meDNA that has been released into the
environment (i.e., in our case seawater) without isolating it
directly from a target microorganism (Flaviani et al., 2017). As we
did not include a nuclease step before extracting the nucleic acids
from the virions, our “viral size fraction” is therefore composed of
viruses plus a mixture of DNA derived from larger cellular debris
or released DNA from microbiota or larger biota living in that
environment (Taberlet et al., 2012). Originally, eDNA has been
used to determine whether an invasion has taken place (Dejean
et al., 2012) or to track an endangered species (Ikeda et al., 2016).
It has been proposed that eDNA could be used as a an effective
monitoring tool without the need to observe an organism in situ
(Valentini et al., 2016); however, the eDNA concept does not
include the microbial community in its definition of cellular
organism (i.e., anything that can pass through a 0.5 mm mesh).
Here, we utilize the experimental design presented previously to
determine whether the microbiota can be monitored by using the
eDNA approach, and if consequently the meDNA (Flaviani et al.,
2017) works as a good proxy for describing the microbes present
in this body of water.
Despite global efforts to study the microbiome, the majority
of studies do not address these communities as a whole with
the majority of studies only investigated a single group within
the microbial world, only 11.2% monitoring two microbial
groups simultaneously and 2.2% looking at the interactions
between prokaryotes, eukaryotes, and viruses (Zinger et al., 2011).
Throughout this study, an alternative and innovative approach
is proposed to study microbial diversity in all its complexity,
allowing the detection of the most abundant phylotypes.
MATERIALS AND METHODS
Sampling
Samples were collected during the Great Southern
Coccolithophore Belt expedition (GSCB-cruise RR1202)
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(Balch et al., 2016) at six stations from three oceanic regions
(Table 1). Given the influence of the Agulhas Return Current in
the region off Africa, daily maps of absolute dynamic topography,
and sea surface temperature were used to examine the mesoscale
circulation of the southern hemisphere oceanic regions in
6 months prior to sampling at the station. Images for Figure 1
were selected from the 2-month period prior to sampling at
intervals of 2 weeks. The absolute dynamic topography fields
were calculated by Aviso at 1/4 degree horizontal resolution
from all remotely sensed altimetry mission data available at
a given time referenced to a 20-year mean (Rio et al., 2013).
High resolution (1/20 degree) sea surface temperature data were
produced from the Operational Sea Surface Temperature and
Ice Analysis (OSTIA) system using both in situ and satellite data
(Donlon et al., 2012). Stations S1 and S2 were located in the
South-West Indian Ocean, stations S3 and S4 in the Southern
Ocean, and stations S5 and S6 in the South-East Indian Ocean
(Figure 1). The locations of the sampling stations along the
transect from the south Indian Ocean to the Southern Ocean
were mapped using M_map toolbox for Matlab (Figure 1).
At each station, 1 l of seawater from the chlorophyll maximum
layer was sampled by a conductivity temperature depth (CTD)
rosette sampler on-board the R/V Roger Revelle. An aliquot
of 250 ml was filtered through a 0.45-µm polycarbonate filter.
DNA extraction of material retained on the filter was performed
using the Qiagen DNeasy Blood and Tissue protocol (QIAGEN,
Valencia, CA, United States). The DNA was stored at –21◦C
and subsequently transferred to Plymouth, United Kingdom, for
further processing. An additional 50 ml sample of filtered water
was stored at 4◦C in the dark for further processing in the
laboratory after the cruise.
Preparation and Sequencing of the
>0.45 µm Fraction
For the prokaryotic community composition analysis, the V4
region of 16S ribosomal RNA gene was amplified using the
universal primer pair 515F/806R and Illumina tagged primers
(Caporaso et al., 2012). Eukaryotes were characterized using the
18S ribosomal RNA gene, using primer pair 1391F/EukB, and
Illumina tagging to amplify the V9 region (Stoeck et al., 2010).
First, a real-time PCR was run for each sample to determine
the mid-exponential threshold of each reaction. For all PCRs,
1–5 µl of DNA, corresponding to 1.47–38.52 ng/µl, respectively,
were added to 5× Colorless GoTaq Flexi Buffer (Promega,
Madison, WI, United States), 1.5 µl MgCl2 Solution 25 mM
(Promega, Madison, WI, United States), 2.5 µl dNTPs (10 mM
final concentration, Promega, Madison, WI, United States), 1 µl
Evagreen Dye 20× (Biotium, Fremont, CA, United States),
0.1 µl GoTaq DNA Polymerase (5 U/µl – Promega, Madison,
WI, United States), and sterile water was added to reach
the final volume of 25 µl for each reaction. The PCRs were
run on a Corbette Rotor-Gene 6000 (QIAGEN, Valencia, CA,
United States), with initial denaturation at 94◦C for 3 min,
followed by 40 cycles of a three step PCR: 94◦C for 45 s, 50◦C
for 60 s, and 72◦C for 90 s. Fluorescence in the green channel
was recorded at the end of each annealing/extension step. The
cycle threshold of the amplification in the exponential phase was
recorded for each sample.
The triplicate designed was performed. Briefly, each real time
PCR was carried out in triplicate on a unique aliquot of DNA
subsampled from the same extraction, and sequenced using single
end reads. Through comparing PCR replicates, it is possible to
identify overall differences (e.g., we can identify if one of the PCRs
is significantly different to others with respect to the number of
common/unique OTUs) and also get a sense of which level of
diversity can be captured with confidence. Specifically, we can
report that OTUs are likely to be observed across all PCRs and
in what abundance. Second, a standard PCR amplification was
carried out in triplicate and run with the same conditions as
the first real-time PCR, excluding the addition of the Evagreen
Dye, until the previously determined cycle threshold was reached.
PCR products were then run on a 1.4% agarose gel to confirm
the success of the amplification and the product size of the
amplification. The bands were cut from the gel and purified
using the Zymoclean Gel DNA Recovery Kit (Zymo Research,
Irvine, CA, United States). Quantity and quality were verified
with a NanoDrop 1000 (Thermo Fisher Scientific, Wilmington,
DE, United States) and QuantiFluor E6090 (Promega, Madison,
WI, United States). Since the V4-16S and V9-18S amplicons
were amplified using their replicate specific Illumina tagged
primers (Caporaso et al., 2012), the PCR products were combined
in equimolar concentrations as measured on the Bioanalyzer
(Agilent Technologies, Cheshire, United Kingdom). The final
pooled samples were denatured and diluted to 6 pM and mixed
with 1 pM PhiX control (Illumina, San Diego, CA, United States),
read 1 sequencing primer was diluted in HT1, before the
flowcell was clustered on the cBOT (Illumina, San Diego, CA,
TABLE 1 | Sampling location information.
Station Location Date of collection (dd/mm/yy) Latitude Longitude Depth (m) Temperature∗ (◦C)
S1 SW Indian Ocean 20/02/12 −38,315 40,958 5 20.83
S2 22/02/12 −35.507 37.458 49.089 19.98
S3 Southern Ocean 06/03/12 −57.598 76.508 41.855 1.38
S4 06/03/12 −58.71 76.89 40.93 1.24
S5 SE Indian Ocean 17/03/12 −39.475 108.935 44.978 16.23
S6 19/03/12 −42.082 113.400 60.55 12.95
GPS coordinates are provided in decimal degrees. Sampling depth refers to the depth of the chlorophyll-a maximum. ∗Converted using the International Temperature
Scale of 1990.
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FIGURE 1 | Map of sampling sites. Sample locations for the southern
hemisphere overlaid on sea surface temperature (SST, ◦C; shaded) and
dynamic height (m; black contours in 0.2 m intervals from −1.4 m to 1.4 m).
Closed contours indicate eddies. The Agulhas Return Current (ARC) is
indicated by the band of tightly spaced contours at ∼40◦S; south of the ARC
is the Antarctic Circumpolar Current (ACC). (A) Refers to 15/02/12, (B) refers
to 29/02/2012, and (C) refers to 14/03/2012.
United States). Multiplexing sequencing primers and read 2
sequencing primers were mixed with Illumina HP8 and HP7
sequencing primers, respectively. The flowcell was sequenced
(100 pair end-PE) on HiSeq 2500 using SBS reagents v3.
DNA Extraction, Preparation, and
Sequencing of the <0.45 µm Fraction
The whole 50 ml filtrate (hereafter mention as permeate, without
the inclusion of a nuclease pre-treatment) was subjected to a
nucleic acid extraction procedure (one sample per station). To
the filtered seawater, we added 100 µl of proteinase K (10 mg/ml;
Sigma-Aldrich, St Louis, MO, United States) and 200 µl of 10%
SDS (Sigma-Aldrich, St Louis, MO, United States). Subsequently
we incubated the solution for 2 h at 55◦C with constant rotation.
The lysate was then collected through multiple centrifugations
on a Qiagen DNeasy Blood and Tissue column (QIAGEN,
Valencia, CA, United States). The standard Qiagen protocol was
followed with 20 µl nuclease-free water (SIGMA, St Louis, MO,
United States) used as the elution agent. Quantity and quality
were determined using the NanoDrop 1000 (Thermo Fisher
Scientific, Wilmington, DE, United States) and QuantiFluor
E6090 (Promega, Madison, WI, United States). Two hundred
microliters of DNA (<40 ng) was fragmented using a Bioruptor
[Diagenode, Seraing (Ougrée), Belgium] on medium for 15
bursts of 30 s with a 30-s pause and concentrated to 30 µl
on a Minelute column (Qiagen, Valencia, CA, United States).
Fragments were made into libraries using the Nextflex ChipSeq
library preparation kit (Bioo Scientific, Austin, TX, United States)
without size selection and with 18 cycles of PCR amplification.
Bioanalyzer (Agilent Technologies, Cheshire, United Kingdom)
as part of library enrichment, Netflex adapter sequences are
illustrated on Supplementary Figure S1. Analysis indicated that
the final library contained inserts between 30 and 870 bp. The
library was multiplexed with other samples and sequenced (100
PE) on a HiSeq 2000 using RTA1.9 and CASAVA1.8 (Illumina,
San Diego, CA, United States).
The raw sequences are available at the European Nucleotide
Archive (ENA) under accession number PRJEB16346 and
PRJEB16674.
Bioinformatics Pipeline for the
Prokaryotic and Eukaryotic Barcodes
The bioinformatics pipeline followed is described in Flaviani et al.
(2017). The quality of the reads was first assessed using Fast-QC1.
The FASTX-Toolkit2 was used to trim the first and last 10 bases
to remove low quality nucleotides, and subsequently to filter out
any reads with fewer than 95% of nucleotide positions called
with a quality score of 20. Only the forward read (read 1) was
used for the analysis, reverse read (read 2) were dropped due
to low-quality. Trimmed and cleaned reads (Table 2) from each
of the triplicate V4-16S and V9-18S PCRs were pooled in order
to assign OTUs using Qiime (Caporaso et al., 2010) with 97%
similarities for clustering and Swarm analysis (Mahé et al., 2014),
respectively. Taxonomy for both 16S and 18S rRNA genes was
assigned using BLASTn implemented in Qiime [1.8] (Caporaso
et al., 2010) using the database (db) SILVA version 119 (Quast
et al., 2013) (hereafter refer to as SILVA) with a minimum e-value
of 10e−05.
Bioinformatics Pipeline of the 0.45 µm
Permeate
As shown in Flaviani et al. (2017), the pair-end reads (Table 4)
were assembled into contigs using a De-Bruijin de novo assembly
1http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
2http://hannonlab.cshl.edu/fastx_toolkit/
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TABLE 2 | Stepwise processing of prokaryote (16S) and eukaryote (18S) sequences.
Sample (a) (b) (c) (d) (e) (f)
16S S1 Rep1 1,331,542 773,343 741,033 20,381 705,707 10,281
S1 Rep2 1,695,911 1,161,634 1,117,576 30,642 1,072,726 15,398
S1 Rep3 1,626,930 863,867 841,639 24,756 813,380 12,626
S2 Rep1 983,760 443,622 437,790 17,141 374,459 6,775
S2 Rep2 1,458,024 627,698 619,255 25,586 525,969 10,078
S2 Rep3 1,550,314 646,303 637,701 25,208 543,433 9,683
S3 Rep1 1,491,664 622,030 609,658 18,305 265,157 6,027
S3 Rep2 1,409,872 795,524 781,413 19,487 353,430 6,170
S3 Rep3 1,754,942 878,836 864,910 24,344 502,820 9,382
S4 Rep1 974,224 438,389 434,686 15,668 276,871 5,349
S4 Rep2 1,609,312 721,401 714,793 20,437 422,624 7,078
S4 Rep3 1,468,624 795,217 788,622 24,338 567,976 9,182
S5 Rep1 1,497,998 805,139 785,754 27,469 557,937 10,561
S5 Rep2 838,777 725,672 706,520 27,206 510,315 10,192
S5 Rep3 1,253,530 725,301 708,433 28,896 518,912 11,215
S6 Rep1 1,477,596 664,590 659,890 16,141 205,402 5,563
S6 Rep2 1,695,898 761,187 755,509 18,741 239,579 6,271
S6 Rep3 771,891 696,673 691,459 17,978 240,741 6,058
Total 16S 12,896,641 133,550∗∗ 8,697,438 48,923∗∗
18S S1 Rep1 1,529,536 305,949 223,814 2,972 222,556 1,714
S1 Rep2 1,614,464 374,041 275,201 3,271 273,710 1,780
S1 Rep3 1,695,911 419,375 308,208 3,470 306,574 1,836
S2 Rep1 1,258,768 269,903 179,753 4,499 177,824 2,735
S2 Rep2 1,626,930 528,707 354,840 5,454 352,118 3,506
S2 Rep3 1,491,664 425,343 286,080 4,401 283,533 3,260
S3 Rep1 1,331,542 417,425 33,738 1,043 33,347 288
S3 Rep2 1,505,002 80,678 7,279 4,369 6,977 163
S3 Rep3 1,685,214 583,156 71,509 4,595 70,284 1,469
S4 Rep1 1,392,915 323,407 38,196 4,664 37,698 382
S4 Rep2 1,393,132 387,326 50,317 6,228 49,754 520
S4 Rep3 1,403,962 389,608 47,930 5,807 47,464 365
S5 Rep1 1,188,018 336,163 202,101 880 199,824 2,222
S5 Rep2 1,799,244 461,542 278,117 1,083 275,184 2,521
S5 Rep3 1,238,172 310,004 186,059 831 183,800 2,142
S6 Rep1 838,777 14,341 9,291 679 8,807 559
S6 Rep2 1,253,530 306,231 195,247 465 193,024 2,146
S6 Rep3 1,284,848 345,184 223,715 2,694 221,307 2,194
Total 18S 2,971,395 30,169∗∗ 2,943,785 9,806∗∗
The raw sequence reads (a) were first pre-processed to remove adapters (b), and then trimmed and cleaned (c), before OTUs were assigned (d). Furthermore, singletons
were removed (e), and OTUs assigned to this selection (f). The number of unique OTUs was calculated for 16S and 18S-derived datasets. ∗For the 16S, dataset
chloroplast and mitochondrial sequences were removed at this stage.
TABLE 3 | Number of OTUs found uniquely at each station and location.
16S 18S
Unique to station % Unique to location % Unique to station % Unique to location %
S1 7,827 16 15,252 31.17 1,394 14.22 4,308 43.93
S2 4,854 9.92 2,725 27.79
S3 4,503 9.2 11,403 23.31 98 1 388 3.96
S4 4,111 8.4 221 2.25
S5 4,486 9.17 7,357 15.04 1,293 13.19 2,578 26.29
S6 1,442 2.95 892 9.1
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program in CLC Genomic Workbench version 7.1.5 (CLCbio,
Cambridge, MA, United States) using global alignment with
automatic selection of bubble and word size, minimum contig
length of 250, mismatch cost of 2, insertion and deletion cost of
3, length fraction of 0.5, and similarity threshold of 0.8. Contigs
were annotated using BLASTX (Altschul et al., 1990) against a
Virus db (courtesy of Dr Pascal Hingamp), containing Refseq
curated viral genomes together with additional new genomes
(Mihara et al., 2016). The top hits from all blast searches were
selected through the use of a parser Perl script3. The ICTV db
2013 v1 implemented with the NCBI taxonomy was utilized to
create a viral taxonomy catalog, which was then merged, using R,
with the blast output to assign taxonomy.
Visualization of Community Composition
Krona tools (Ondov et al., 2011) were used to visualize
community composition as characterized by the SILVA, Refseq,
and Virus db genes taxonomy assignments. Venn diagrams were
created using the R package VennDiagram_1.6.17 on R version
3.3.0 (2016-05-03) to determine the number of shared OTUs and
phylotypes among sequencing methods used.
Statistical Analyses
In order to filter the data for singletons, we used the T1 strategy
described in Flaviani et al. (2017): i.e., only one read was present
for a defined OTU in each replicate before running analyses.
Chloroplasts and mitochondria sequences were removed from
the prokaryotic dataset prior to the analyses, because they are
representatives of the eukaryotic fraction.
Statistical analyses, for both 16S and 18S datasets, were
performed under R version 3.3.0 (2016-05-03) combining
functionality of the following R packages: reshape 2_1.4.1,
reshape_0.8.5, gclus_1.3.1, GGally_1.0.1, scales_0.4.0, car_2.1-2,
picante_1.6-2, nlme_3.1-125, ape_3.4, plyr_1.8.2, amap_0.8-14,
gridExtra_0.9.1, ggplot2_2.1.0, clusterSim_0.44-2, MASS_7.3-
45, cluster_2.0.3, vegan_2.2-1, lattice_0.20-31, permute_0.8-3,
sfsmisc_1.1-0. Prior to analyses, the number of reads of
prokaryotic and eukaryotic sequences were normalized to the
minimum number of reads to avoid bias caused by differences
in sequencing depth. Alpha diversity was estimated based on
OTU richness. To further analyze the community diversity,
analysis of variane (ANOVA) was used to determine if the
alpha diversity was statistically different between stations; this
analysis was performed using R package car using the same two
3http://www.bioinformatics-made-simple.com
parameters that were utilized in the permutational multivariate
(PERMANOVA). Finally, the Tukey’s post hoc test based on
OTUs observed was performed to test if the number of OTUs
varied between locations. Beta diversity was estimated using
the vegan package based on the Bray–Curtis distance, and
plotted as hierarchical clustering. Using the full (not normalized)
dataset, we calculated relative abundance for each group and
plotted these using the ggplot2 package. In order to test if
community composition was significantly different between
sampling stations PERMANOVA analyses were performed using
Adonis from the vegan package, taking into consideration both
temperature and location.
Statistical Analyses of the <0.45 µm
Permeate
Due to the lack of replication of the viral sample, we used Log
likelihood ratio statistics to test the goodness of fit for two models.
The first model (H0) implied that pairwise sampling stations
grouped by location (South-West Indian Ocean and Southern
Ocean; South-West Indian Ocean and South-East Indian Ocean;
Southern Ocean and South-East Indian Ocean) had the same
underlying viral distribution. The second model, the alternative
hypothesis (H1) implied that the distribution of viruses depended
on the location. We then computed a p-value based on the
likelihood ratio.
Comparison of prokaryotic and eukaryotic amplicons with the
metagenome was run through presence–absence analyses plotted
as Venn diagrams using R package VennDiagram_1.6.17. For
the metagenome fraction, we used the Refseq annotation while
prokaryote and eukaryote taxonomy was assigned using Silva. In
order to avoid conflicts in OTU annotation or variation in names
in the different dbs, we ran the analysis at genus level (or the first
available taxonomic level above).
RESULTS
Measurements of absolute dynamic topography and sea surface
temperature in the months during and prior to the sampling of
the southern hemisphere samples indicate that stations S1 and
S2 were not directly influenced by the Agulhas Return Current
or Antarctic Circumpolar Currents (Rusciano et al., 2012) at the
time of sampling (Figure 1). This confirms that stations S1 and
S2 are representative of the greater south-western Indian Ocean
gyre, while stations S3 and S4 are located south of the APF in the
Southern Ocean (∼1000 km north of Antarctica) and stations S5
TABLE 4 | From raw reads to number of contigs assembled using CLC genomic workbench stepwise processing of metagenome.
Dataset Sample Raw reads Reads used Number of contigs Average contig length Smallest contig Largest contig N50
Metagenome S1 90,672,808 10,036,627 4,962 1,045 240 74,442 7,239
S2 16,569,598 16,569,598 35,358 1,060 206 282,176 6,999
S3 21,466,152 21,466,152 20,597 1,492 206 388,233 3,668
S4 21,840,372 21,840,372 15,844 1,492 230 563,674 8,321
S5 14,268,562 14,268,562 18,540 1,312 217 478,618 5,267
S6 41,108,086 41,108,086 7,539 2,092 249 1,026,488 161,188
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and S6 were north of the ACC representative of the south-eastern
Indian Ocean.
Prokaryotic Diversity and Composition in
the >0.45 µm Fraction
A total of 12.9 million prokaryotic sequences, obtained for all
six samples, clustered into 133,550 OTUs. When singletons,
chloroplast, and mitochondria OTUs were removed, a total of
8.7 million sequences clustered into 48,923 OTUs (Table 2).
Of these, 44.37% were shared across the six locations and
1.65% shared across all six stations (Supplementary Figure S2a).
Specifically 31.17% of the OTUs were unique to the South-
West Indian Ocean, 23.30% present exclusively in the Southern
Ocean, and 15.04% belonging to the South-East Indian Ocean
(Table 3).
The prokaryotic fraction was dominated by known bacterial
sequences (average 88.34 ± 0.08%, min = 79.84% in S1,
and max = 97.45% in S6) whereas reads with no annotation
represented on average 11.01 ± 0.09% of the full dataset
(Supplementary Table S1) (min= 0.66% in S6 and max= 22.59%
in S3). Archaea were identified in 0.65 ± 0.82% of the sequences
(min = 0.01% in S4 and max = 1.89% in S6, Supplementary
Table S1). The bacterial fraction was dominated by the phylum
Proteobacteria, representing on average 49.55 ± 16.59% of
the sequences (min = 24.55% in S2 and max = 64.91% in
S4; Supplementary Table S1). This group could be further
separated into the γ-Proteobacteria (average = 22.93 ± 11.64%,
min = 8.04% in S2, and max = 32.32% in S3), α-Proteobacteria
(average= 22.88± 8.2%, min= 11.28% in S2, and max= 36.36%
in S4) and δ-Proteobacteria (average = 1.39 ± 0.96%,
min = 0.24% in S4, and max = 4.11% in S2). Cyanobacteria
represented the second most dominant phylum, constituting on
average 21.34 ± 23.54% with a minimum of 0.03% in S4 and
reaching a maximum of 58.86% in S2 (Supplementary Table S1).
The third most represented phylum was Bacteroidetes with an
average of 12.76± 8.38% (min= 3.26% in S1 and max= 24.37%
in S4), mainly due to a high presence of sequences identified as
class Flavobacteriia (average= 12.39± 8.3%, min= 3.21% in S1,
and max= 23.86% in S4).
The relative abundances of the three most common
bacterial groups varied between stations (Figure 2A). The
South-West Indian Ocean stations S1 and S2 were both
dominated by Cyanobacteria, followed by α-Proteobacteria and
γ-Proteobacteria. The Southern Ocean station S3 composition
was dominated by γ-Proteobacteria, α-Proteobacteria, and
FIGURE 2 | Prokaryote community composition. (A) Prokaryotic relative abundance composition on reads; (B) Bray–Curtis hierarchical clustering.
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Bacteroidetes, while station S4 by α-Proteobacteria, then
γ-Proteobacteria and Bacteroidetes. Both stations located in
the South-East Indian Ocean (S5 and S6) were dominated
by γ-Proteobacteria, α-Proteobacteria, and Cyanobacteria
(Figure 2A).
Locations Comparison of Prokaryotic
Communities
Bacterial community OTUs composition differed significantly
between the three main locations (PERMANOVA F2,12 = 64.549,
p = 0.001∗). The Bray–Curtis dissimilarity matrix visualized
through hierarchical clustering shows that the six stations
clustered according to the three locations that correspond to the
South-West Indian Ocean, South-East Indian Ocean, or Southern
Ocean (Figure 2B). OTU richness was also significantly different
between locations (ANOVA F2,12 = 5.28, p= 0.0227∗). A post hoc
Tukey’s test showed that only the South-West Indian Ocean and
the Southern Ocean were significantly different in the number of
OTUs (p adj > 0.01).
Eukaryote Biodiversity and Community
Composition in the >0.45 µm Fraction
For the eukaryotic fraction, 5.94 million sequences clustered
into 30,169 OTUs. After the removal of singletons, a total of
5.88 million sequences clustered into 9,806 OTUs unique in our
dataset (Table 2). Of these, 32.46% were shared across the three
locations and 1.96% shared across all six stations (Supplementary
Figure S2b). Specifically, 43.93% of the eukaryotic OTUs
were unique to the South-West Indian Ocean, 3.96% present
exclusively in the Southern Ocean and 26.29% belonging to the
South-East Indian Ocean (Table 3).
The majority of OTUs from the eukaryote fraction
corresponded to known sequences with uncharacterized
sequences only accounting for 0.32 ± 0.31% (Supplementary
Table S2). Eukaryote communities at all stations were dominated
by the super-group SAR (Stramenopiles, Alveolata, Rhizaria)
representing 85.52 ± 9.80% of all sequences (min = 69.99%
in S4 and max = 93.27% in S6; Supplementary Table S2).
For this super-group, the major representative was the super
FIGURE 3 | Eukaryote community composition. (A) Eukaryote relative abundance composition on reads; (B) Bray–Curtis hierarchical clustering.
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phylum Alveolata (average = 83.52 ± 9.80%, min = 68.98%
in S4, and max = 91.66% in S1, Supplementary Table S2)
followed by Rhizaria (average = 1.72 ± 0.91%, min = 0.41%
in S4, and max = 2.84% in S2, Supplementary Table S2). The
second main group was represented by the division Haptophyta
(average= 9.42± 9.80%, min= 1.15% in S2, and max= 27.17%
in S4, Supplementary Table S2) with Prymnesiophyceae as the
main representative (average = 9.10 ± 11.10%, min = 1.15% in
S2, and max = 27.17 in S4, Supplementary Table S2) with the
genus Phaeocystis representing 26.45% of S4 and 17.71% of S3,
while less than 1% at the remaining stations (Supplementary
Table S2).
The three most abundant eukaryotic groups at each station,
annotated per station with SILVA level four of taxonomy (L4),
were as follows: South-West Indian Ocean station S1 was
characterized by Protoalveolata (43.86%), Dinoflagellata
(41.35%), and Ciliophora (3.40%); all belonging to the
super-group SAR (Figure 3A). Station S2 was represented
by Dinoflagellata (42.14%), Protoalveolata (40.73%), and
Ciliophora (3.12%). Southern Ocean station S3 was dominated
by Dinoflagellata (37.57%), Protoalveolata (33.80%), and
Haptophyta–Prymnesiophyceae–Phaeocystis (18%), while the
second polar station S4 was characterized by Dinoflagellata
(36.47%), Haptophyta–Prymnesiophyceae–Phaeocystis (26%),
and Protoalveolata (22.57%). Station S5 in the South-East Indian
Ocean was composed of Dinoflagellata (43.78%), Protoalveolata
(35.68%), and Ciliophora (4.71%), whereas station S6 was
dominated by Protoalveolata (57.73%) followed by Dinoflagellata
(27.58%) and Ciliophora (3.21%; Figure 3A).
Locations Comparison of Eukaryotic
Community
Eukaryotic community OTUs composition differed between the
three main locations (Figure 3B; PERMANOVA F2,12 = 67.38,
p = 0.001∗). Bray–Curtis dissimilarity matrix analyzed through
hierarchical clustering shows how the six stations clustered as
two different locations separated by the APF. Furthermore, we
observed the clustering of station S2 with station S5, suggesting
some interchange across the Southern Indian Ocean north of
the ACC (Figure 3B). OTU richness was significantly different
between locations (ANOVA F2,12 = 30.22, p< 0.001∗). A post hoc
Tukey’s test showed that both the South-West and the South-
East Indian Ocean were significantly different in the number of
OTUs to the Southern Ocean (p adj > 0.0001), whilst the two
Southern Indian Ocean station were not significantly different
(p adj= 0.851).
Biodiversity in the <0.45 µm Filter
Permeate: Viral Contigs
The raw reads were assembled into a range between 5 and
35 thousand contigs depending on sampling station (Table 4).
A selection of contigs, chosen for the presence of key viral features
such as the presence of viral tail components, major head protein,
FIGURE 4 | Viral contigs. Relative abundance of main viral group by station, separated per location.
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and viral capsid proteins, was examined to confirm positive viral
identification after annotation with the viral db (Supplementary
Figure S3).
Viral sequences across the south Indian Ocean and the
Southern Ocean were dominated by members the order
Caudovirales with an average of 60.57 ± 5.96% (Figure 4;
Supplementary Table S3); the lowest abundance for this order was
seen at station S3 (55.71%), the maximum was observed at station
S2 (71.14%; Supplementary Table S4). On average, members of
the family Myoviridae represented 24.07 ± 4.30%, Siphoviridae
21.39 ± 3.32%, and Podoviridae 13.92 ± 5.21% of all the
caudoviruses. Myoviruses were the most abundant in four of the
six stations, representing on average 39.56 ± 4.00% of this order
(min 34.80% S4, max: 44.32% S2), while siphoviruses were the
most abundant representatives of the order Caudovirales in both
stations S4 and S6 (43 and 44%, respectively) (Supplementary
Table S3).
Nucleocytoplasmic large DNA viruses (NCLDV) represented
the second most dominant viral group comprising 26.35± 6.85%
of the virus genes annotated (Figure 4; Supplementary Table S3),
with a minimum at station S2 (15.32%) and a maximum at
station S3 (32.67%). Phycodnaviruses represented about half
FIGURE 5 | Viruses of the family Phycodnaviridae at the six sampling stations.
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(49.67 ± 2.41%) of the NCLDVs (Figure 4) or 13.13 ± 3.64%
of all sequences (Supplementary Table S3). This viral family was
dominated by generic chloroviruses in the South-West Indian
Ocean (S1 and S2), phaeoviruses in the Southern Ocean (S3
and S4), and by both chloroviruses and phaeoviruses in the
South-East Indian Ocean (S5 and S6; Figure 5). Many of the
phycodnaviruses could not be assigned to any specific genus (21
to 28%), while prasinoviruses (11 to 20%) and coccolithoviruses
(2 to 8%) made up the remainder across all six stations
(Figure 5).
The NCLDVs were further characterized by the strong
presence of presumptive members of the family Mimiviridae
(26.86 ± 2.56%, Figure 4), comprising on average 7.19 ± 2.34%
(min = 3.64% S2, max = 9.56% S3 and S4; Supplementary
Table S4). Sequences from the order Herpesvirales represented
1.97 ± 1.92% of the viruses, with a minimum (0.14%) in the
South-West Indian Ocean S1 and a maximum (4.78%) in the
South-East Indian Ocean S5 (Supplementary Table S3).
Spatial Patterns in Viral Distributions
Due to the way in which we collected our metagenomic samples,
and in particular the absence of replication, we used a log
likelihood ratio statistic to look at community differences in the
three locations. In our model, we started with a null hypothesis
that the same underlying viral distribution across all three
locations exist and consequently testing the influence of the polar
front on viral dispersal. Results from this analysis show that
viral community composition south of the APF were significantly
different from stations located north of the front (pchisq= 8.89E-
120; Table 4). We also tested if the three locations had the
same underlying viral distribution; resulting in the three areas
being significantly different to each other (pchisq = 2.68ˆE-60 to
7.32E-131; Table 5).
Comparison of the Compositions of
Permeate vs. Cellular Fraction
Presence/absence analyses were performed across all fractions
for each station to understand if the metagenome contained
unique OTUs that can be due to the presence of meDNA. To
do so we compared the “genus” level assignments from the ORFs
on metagenomic assembled contigs to the annotations from the
amplicon sequences. The majority of the sequences were not
shared across the datasets (Figure 6). A maximum of 9 out of
TABLE 5 | Pairwise log likelihood ratio statistics to test for differences in viral
community composition between the three ocean regions sampled in this study.
SWID:SO SWIO:SEIO SO:SEIO Above
PF:Below PF
null.loglike 96484.7 97847.73 56698.81 125432.7
alternative.loglike 96787.33 97901.93 56838.58 125709.7
Lrs 605.2532 108.3967 108.3967 554.1192
p chisq 7.32E-131 2.43E-23 2.68E-60 8.89E-120
Analyses were performed at the level of Order (Caudovirales, Megavirales,
Herpesvirales, Other). SWIO, South-West Indian Ocean; SO, Southern Ocean;
SEIO, South-East Indian Ocean; PF, Polar Front.
a possible 320 (0.57% of the overall dataset) eukaryotic genera
could be detected in the permeate or meDNA fraction at one
station (S2), while two stations (S1 and S3) shared uncommon
sequences. A range of bacterial genera (9.58 to 15.25%) could
however be found in common between the prokaryotic and
meDNA fractions (average 12.77 ± 2.46%). Commonalities
between the prokaryotic and eukaryotic db were due to the
presence of chloroplast and mitochondria OTUs included in
both datasets (Figure 6). These were maintained at this stage
of the analyses in order to verify possible overlaps between the
prokaryotic and eukaryotic datasets.
The five most abundant genera identified within the meDNA
permeate at all six stations, included almost half of the phylotypes
that were shared between the viral and prokaryote fractions
(average = 52.57 ± 9.37%, min = 41% in S2, and max = 63%
in S3; Table 4). Members of the genera Alcanivorax and
Marinobacter were found at three of the stations (S2, S5, and S6;
Table 6).
DISCUSSION
Everything Is Everywhere, But the
Environment Selects
The comparative analyses of amplicon (prokaryotes and
eukaryotes) and metagenomics (viral, eDNA) fractions of the
six seawater samples sequenced in this study showed clear
patterns in the spatial distribution of microbes, with significant
differences of phylotype compositions between the Indian Ocean
and the Southern Ocean systems as well as across the three
regions that were sampled. We found that the majority of the
genomic sequences were only present at a specific station or
location, which reinforces the hypothesis that “the environment
selects” (Green and Bohannan, 2006). If “everything” were indeed
“everywhere,” one would expect that the majority of sequences
would be shared between all sampling stations, but this was
only the case for 30% of eukaryotes and 44% of prokaryotes.
Our study therefore supports other recent evidence that marine
microbial communities exhibit distinctive spatial distribution
patterns with microbial diversity structured by both geography
and environment (Green and Bohannan, 2006; Williamson et al.,
2008; de Vargas et al., 2015).
Stations in the Indian and Southern Oceans showed clear
differences, with the samples collected at opposite sides of
the Indian Ocean basin sharing more taxa than samples at a
position that was geographically located between them. Previous
studies have shown differences in the prokaryotic community
on both sides of the APF (Giebel et al., 2009; Wilkins et al.,
2013; Baltar et al., 2016; Milici et al., 2017); here we show that
this pattern was especially prominent for eukaryotes, but was
also evident for viral communities. We hypothesize that these
differences are attributed to physiological limitations that render
certain microbial groups unsuited for the conditions other than
those they are adapted to. Variations in temperature, nutrients
and minerals are quite different between the South Indian and
Southern Oceans (Popova et al., 2000; Donners and Drijfhout,
2004; Beal et al., 2011), and it has been previously demonstrated
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FIGURE 6 | Presence–absence between the prokaryotes, eukaryotes, and permeate. Comparisons were made on genus as the lowest level available, T1 for the
prokaryotes and eukaryotes, and T0 on all contigs blasted with Refseq db.
that abiotic factors have a limited effect on community structure
(Lima-Mendez et al., 2015).
Comparison With Previous Studies of
Microbial Diversity
The Tara Ocean Expedition has contributed significantly to
our understanding of the diversity of microbes in the oceans;
reporting, for example, Dinophyceae dominance as OTU
richness in the global pico-nanoplankton community, with
almost 25,000 of the 87,000 annotated OTUs (28%) for the
full eukaryotic dataset being present in more than 40 of the
47 stations (de Vargas et al., 2015). In contrast, we did not
see dominance of the class Dinophyceae but a similar ratio of
protoalveolates and dinoflagellates. Specifically, Protoalveolata
dominated station S6 while Dinoflagellata had higher relative
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TABLE 6 | The five most abundant genera (percentage shown in brackets) found in the <0.45 µm fraction (eDNA) based on contigs annotation using the Refseq
database.
S1 S2 S3 S4 S5 S6
Microbacterium (33%) Halomonas (12%) Alteromonas (32%) Roseobacter (18%) Alteromonas (15%) Alcanivorax (16%)
Erythrobacter (24%) Erythrobacter (10%) Sulfitobacter (10%) Sulfitobacter (12%) Marinobacter (11%) Oceanicola (12%)
Citomicrobium (4%) Alcanivorax (7%) Halomonas (8%) Thalassolituus (7%) Oceanicola (8%) Methylophaga (9%)
Novosphingobium (2%) Marinobacter (6%) Oceanibulbus (8%) Hypnomonas (5%) Thalassolituus (7%) Marinobacter (9%)
Arthrobacter (1%) Methylophaga (6%) Erythrobacter (5%) Ruegeria (4%) Alcanivorax (7%) Hyphomonas (8%)
Genera highlighted in bold font were absent from the prokaryotic dataset.
abundances in stations S5 and S4; similar ratios of these microbes
were found in stations S1, S2, and S3. Similar results from
the Tara Ocean Expedition, the Protoalveolata fraction was
dominated by the Syndiniales groups I and II, which were
identified with previous nomenclature of MALV-I and MALV-II
(de Vargas et al., 2015; Horiguchi, 2015). The two Southern
Ocean stations (S3 and S4, sampled at the end of summer, March
2012) had higher abundance of haptophytes, specifically due
to presence of Phaeocystis. This relates to previous studies on
the Southern Ocean, in which diatoms and haptophytes such
as Phaeocystis were found more abundant in the more nutrient
rich polar front regions and continental shelves (Constable
et al., 2014); furthermore in the Ross sea Phaeocystis was
the dominant primary producer for the deeply mixed waters
(20–50 m) whereas diatoms dominated highly stratified waters
(5–20 m; Arrigo et al., 1999). Specifically Tara’s station 85
(sampled during summer, January 2011), based on the Southern
Ocean, had higher presence of haptophytes (de Vargas et al.,
2015).
The prokaryotic dataset showed dominance of cyanobacteria
in the seawater we sampled from South-West Indian Ocean,
while the South-East Indian Ocean and Southern Ocean
were dominated by proteobacteria. Specifically γ-Proteobacteria
dominated both S5 and S6 from the South-East Indian
Ocean and S3 from the Southern Ocean, while S4 was
dominated by α-Proteobacteria. These results are compatible
with what was found during Tara’s sampling expedition
where Proteobacteria, specifically α-Proteobacteria, dominated
both surface waters and the deep chlorophyll maximum;
Cyanobacteria and γ-Proteobacteria were the second most
represented groups depending on location (Sunagawa et al.,
2015). Similar results were obtained during the ICoMM
campaign in the surface open ocean with α-Proteobacteria,
γ-Proteobacteria, Cyanobacteria, and Flavobacteria identified as
the most abundant groups in the full datasets (Zinger et al.,
2011).
As found in the Tara Global Ocean Expedition study
(Sunagawa et al., 2015) we confirm that water temperature, which
is a major defining characteristic of the different stations north
and south of the APF, plays an important role in determining
microbial community dispersal. During the International Census
of Marine Microbes (ICoMM) 9.5 million DNA prokaryotic
sequences clustered into around 120,000 OTUs (Zinger et al.,
2011). Our limited dataset (prior to the removal of singletons,
chloroplasts and mitochondria OTUs) comprises 12.9 million
prokaryotic sequences that clustered into 133,500 OTUs; an
increase of 13,500 new OTUs. As seen in the ICoMM dataset
(Zinger et al., 2011), when the singletons were removed,
chloroplast and mitochondria sequences made up almost half of
the OTUs. Nevertheless, different from the ICoMM study, post
singleton removal ∼70% of the sequences were retained for both
the prokaryotes and eukaryotes, showing that we were able to
recover the most abundant phylotypes.
The Virome
Given the dominance of bacteria in our oceans, the assumption
is that most marine viruses are bacteriophages (Wommack
and Colwell, 2000). Viruses generally dominate oceanic waters
with approximately 10 million viruses per milliliter of seawater
(Bergh et al., 1989; Wilhelm and Suttle, 1999; Suttle, 2005;
Breitbart, 2012). Metagenomic studies have found that tailed
viruses in the order Caudovirales are the most abundant in the
marine environment (Williamson et al., 2008, 2012; Hurwitz
and Sullivan, 2013; Chown et al., 2015) and that generally
myoviruses predominate, followed by podoviruses and then
siphoviruses. However, it was reported that a hypersaline lagoon
was dominated by siphoviruses followed by podoviruses and then
myoviruses (Williamson et al., 2008), showing that variation of
this group might depend on abiotic conditions that affect the
presence of its hosts. This is in agreement with our study where
the annotated viral fraction was dominated by viruses in the
order Caudovirales across all stations with myoviruses being most
represented in stations S1, S2, and S5 and siphoviruses in stations
S4 and S6. Finally, a similar ratio between myo- and siphoviruses
was observed at station S3.
NCLDVs infecting marine protists (Claverie and Abergel,
2013; Blanc-Mathieu and Ogata, 2016), were the second main
viral group identified in the permeate, with phycodnaviruses
representing almost half of this group in all six samples. This
was also previously reported during the Tara expedition, where
just over half of the NCLDVs sequences were identified as
phycodnaviruses with the other half identified as mimiviruses
(Hingamp et al., 2013). The latter was, however, not observed
in our data. We saw a higher abundance of presumptive
mimiviruses in the Southern Ocean samples (S3, S4), which could
be related also to presence of Stramenopiles in these stations – an
association seen previously (Hingamp et al., 2013). Furthermore,
NCLDVs were the second most abundant group at all our
stations, reinforcing the hypothesis that mimiviruses are probably
infecting a wide variety of organisms (Claverie et al., 2009).
For the family Phycodnaviridae we were expecting, from previous
studies, the dominance of prasinoviruses (Hingamp et al., 2013).
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However, we identified the dominance of chloroviruses in
stations S1 and S2, phaeoviruses in stations S5 and S6, and an
equal ratio of chloro- and phaeoviruses in stations S3 and S4.
Chloroviruses are known to infect and replicate in unicellular,
chlorella-like green algae collected in freshwater (Van Etten, 2003;
Dunigan et al., 2006; Yamada et al., 2006). They have also been
reported to be able to replicate in human and mice (Yolken
et al., 2014). Presence of chloroviruses in these marine samples
suggests that alternative marine eukaryotic hosts exist for these
viruses. This is plausible, as our knowledge of viruses infecting
marine eukaryotes is still limited to only a few studies (Hingamp
et al., 2013), and biases in the isolation procedures against
giant viruses are still common place (Van Etten, 2011). High
abundance of dinoflagellates in the eukaryotic dataset allows
us to hypothesize that these viruses could infect dinoflagellate
as alternative hosts; hopefully this can be addressed in future
studies. Similarly, phaeoviruses are known to infect a broad range
of brown macroalgae (Cock et al., 2010; Schroeder, 2015), so the
presence of this group of viruses in absence of their known hosts
in the eukaryotic fraction could also indicate an alternative host
for this group as well.
meDNA From 50 ml Is Not a Proxy for
Marine Biodiversity Assessments
Presence/absence analyses between the permeate and the cellular
fractions collected on the filter showed that on average 13%
of the genera were identified in both the prokaryotic and
the permeate datasets. The eukaryotic fraction on the other
hand could not be described at all (0–0.57%). Four of the five
most common prokaryotic genera identified in the permeate,
representing almost half of the permeate metagenomic dataset,
could be found in the cellular amplicon dataset. This could be
indicative of the presence of meDNA from a small proportion
of the bacterial community. Interestingly, in three of the four
Southern Indian Ocean stations we identified the presence of
Alcanivorax and Marinobacter. These organisms are known
to degrade hydrocarbons (Yakimov et al., 1998; Duran, 2010;
Moxley and Schmidt, 2012) and could be a sign of oil-containing
seawater due to active shipping routes.
The remaining genera, which were not identified on filters
but present in the permeate, could represent the presence of
small bacteria passing through the 0.45 µm filter (Anderson
and Heffernan, 1965; Tabor et al., 1981; Hasegawa et al., 2003;
Hahn, 2004), vesicles (Biller et al., 2016) or “bacterial detritus”
(Falkowski et al., 2008). We also cannot exclude the hypothesis
that some of the “cellular” sequences could be of viral origin, since
viral genes have been reported to match genes commonly found
in the genomes of their prokaryotic and eukaryotic hosts (Wilson
et al., 2005; Baumann et al., 2007; Filée et al., 2007).
CONCLUSION
In this study, we showed that prokaryotic, eukaryotic, and
viral communities differ in composition in the South Indian
Ocean and the Southern Ocean, differences that can be
related to open-ocean dispersal barrier such as the APF.
Differences in community composition were observed also on
the South-West and South-East of the Indian Ocean, with
the prokaryotic community being more separated than the
eukaryotes, differences that can be attributed to the location of
the South-East site being below the Subtropical front (Balch et al.,
2016). Differences in the host fraction were reflected into the viral
composition across the three sampling location. Furthermore,
the increase in haptophytes in the Southern Ocean was reflective
of an increase of large eukaryotic viruses. These differences,
affecting the microbial communities, can be attributed to the
collection location of the South-East samples being below the
Subtropical front (Balch et al., 2016). As found in one of the Tara
study (Sunagawa et al., 2015), water temperature appear to be a
major defining characteristic of the different stations above and
below the APF, and played an important role for determining
microbial community structure.
This study therefore reinforces the paradigm that “everything
is everywhere, but the environment selects” not only for
the prokaryotic but also the protists and viral communities,
showing that clear differences exist in the spatial distribution
of microbial communities due to environmental selection
and adaptation. Finally, our results unequivocally demonstrate
that the composition of the cellular amplicon fraction differs
dramatically from the eDNA or meDNA permeate; therefore,
raising the efficacy of using meDNA to monitor aquatic microbial
diversity.
This method can be easily implemented in time series
monitoring of the marine environment, opening the door
to a more integrated approach of oceanographic sampling,
thereby allowing for better parameterization of global biological
models. In the past, the inability to characterize microbial
assemblages through visual identification has created a drawback
in marine monitoring (Goodwin et al., 2016). The techniques
and methodologies utilized throughout this study provide an
alternative cost effective approach to ecosystem integrated
monitoring. The identification of dominant and likely the
most active marine microbial community through the genetic
characterization of smaller volumes of water will hopefully allow
for a better integration of microbial data in ecosystem models.
AUTHOR CONTRIBUTIONS
FF and DS wrote the manuscript. DS conceived the study.
CB and AH collected the samples and prepared the amplicons
for Illumina sequencing. FF and CB prepared the sample
for metagenome Illumina sequencing. KM and KP prepared
the amplicons and metagenome for Illumina sequencing
and performed the sequencing. FF, KL, and JS performed
bioinformatics and statistical analyses. DS, MP, and ER funded
the project. ST prepared and analysed the remotely sensed
oceanographic data. All authors reviewed the manuscript.
FUNDING
The project was funded by a South African National Research
Foundation (NRF) grant to ER (CPR20110717000020991).
Frontiers in Microbiology | www.frontiersin.org 14 July 2018 | Volume 9 | Article 1474
fmicb-09-01474 July 16, 2018 Time: 17:54 # 15
Flaviani et al. Distinct Microbiomes Across the APF
DS was funded by the FP7-OCEAN-2011 call, MicroB3
(grant number 287589) and the NERC eDNA award (grant
number NE/N006151/1). ST was funded through the Ocean
Ecosystems Program at the British Antarctic Survey (NERC,
United Kingdom).
ACKNOWLEDGMENTS
Computations were performed using facilities provided by the
University of Cape Town’s ICTS High Performance Computing
team: http://hpc.uct.ac.za. We would like to thank Barney
Balch for the opportunity to join the Coccolithophore Belt
cruise. The altimeter products were produced by Ssalto/Duacs
and distributed by Aviso, with support from Cnes. The
OSTIA sea surface temperature product was derived by
the UK Met Office and at the time of access was made
available through the MyOcean follow-on project. Both
datasets are now available from www.marine.copernicus.eu.
We acknowledge M. Niccoli for the colour palette used in
Figure 1.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.01474/full#supplementary-material
REFERENCES
Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic
local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-
2836(05)80360-2
Anderson, J. I. W., and Heffernan, W. P. (1965). Filterable marine bacteria isolation
and characterization of filterable marine bacteria’. J. Bacteriol. 90, 1713–1718.
Arrigo, K. R., Robinson, D. H., Worthen, D. L., Dunbar, R. B., DiTullio, G. R.,
VanWoert, M., et al. (1999). Phytoplankton community structure and the
drawdown of nutrients and CO2 in the southern ocean. Science 283, 365–367.
doi: 10.1126/science.283.5400.365.
Azam, F., Fenchel, T., Field, J., Gray, J., Meyer-Reil, L., and Thingstad, F. (1983).
The ecological role of water-column microbes in the sea. Mar. Ecol. Prog. Ser.
10, 257–263. doi: 10.3354/meps010257.
Balch, W. M., Bates, N. R., Lam, P. J., Twining, B. S., Rosengard, S. Z., Bowler, B. C.,
et al. (2016). Factors regulating the Great Calcite Belt in the Southern Ocean
and its biogeochemical significance. Global Biogeochem. Cycles 30, 1124–1144.
doi: 10.1002/2016GB005414
Baltar, F., Currie, K., Stuck, E., Roosa, S., and Morales, S. E. (2016). Oceanic
fronts: transition zones for bacterioplankton community composition. Environ.
Microbiol. Rep. 8, 132–138. doi: 10.1111/1758-2229.12362
Baumann, S., Sander, A., Gurnon, J. R., Yanai-Balser, G. M., Van Etten, J. L., and
Piotrowski, M. (2007). Chlorella viruses contain genes encoding a complete
polyamine biosynthetic pathway. Virology 360, 209–217. doi: 10.1016/j.virol.
2006.10.010
Beal, L. M., De Ruijter, W. P. M., Biastoch, A., and Zahn, R. (2011). On the role
of the Agulhas system in ocean circulation and climate. Nature 472, 429–436.
doi: 10.1038/nature09983
Becking, L. B. (1934). Geobiologie of Inleiding tot de Milieukunde. Den Haag: W.P.
Van Stockum & Zoon.
Beijerinck, M. W. (1913). De Infusies en de Ontdekking der Backteriën. Jaarboek van
de Koninklijke Akademie van Wetenschappen. Müller: Amsterdam, 1–28.
Belkin, I. M., and Gordon, A. L. (1996). Southern Ocean fronts from the Greenwich
meridian to Tasmania. J. Geophys. Res. 101, 3675–3696. doi: 10.1029/95JC02750
Bergh, O., Børsheim, K. Y., Bratbak, G., and Heldal, M. (1989). High abundance
of viruses found in aquatic environments. Nature 340, 467–468. doi: 10.1038/
340467a0
Biller, S. J., Schubotz, F., Roggensack, S. E., Thompson, A. W., Summons, R. E., and
Chisholm, S. W. (2016). Bacterial Vesicles in Marine Ecosystems. Science 343,
183–186. doi: 10.1126/science.1243457
Blanc-Mathieu, R., and Ogata, H. (2016). DNA repair genes in the Megavirales
pangenome. Curr. Opin. Microbiol. 31, 94–100. doi: 10.1016/j.mib.2016.03.011
Breitbart, M. (2012). Marine viruses: truth or dare. Ann. Rev. Mar. Sci. 4, 425–448.
doi: 10.1146/annurev-marine-120709-142805
Brum, J. R., Schenck, R. O., and Sullivan, M. B. (2013). Global morphological
analysis of marine viruses shows minimal regional variation and dominance
of non-tailed viruses. ISME J. 7, 1738–1751. doi: 10.1038/ismej.2013.67
Cao, Y., Williams, D. D., and Larsen, D. P. (2002). Comparison of
ecological communities: the problem of sample representatoveness. Ecol.
Monogr. 72, 41–56. doi: 10.1890/0012-96152002072[0041:COECTP]2.
0.CO;2
Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D.,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.
f.303
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, N.,
et al. (2012). Ultra-high-throughput microbial community analysis on the
Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624. doi: 10.1038/ismej.
2012.8
Cho, B., and Azam, F. (1990). Biogeochemical significance of bacterial biomass
in the ocean’s euphotic zone. Mar. Ecol. Prog. Ser. 63, 253–259. doi: 10.3354/
meps063253.
Chown, S. L., Clarke, A., Fraser, C. I., Cary, S. C., Moon, K. L., and McGeoch, M. A.
(2015). The changing form of Antarctic biodiversity. Nature 522, 431–438.
doi: 10.1038/nature14505
Claverie, J., and Abergel, C. (2013). Open questions about giant viruses. Adv. Virus
Res. 85, 25–56. doi: 10.1016/B978-0-12-408116-1.00002-1
Claverie, J. M., Grzela, R., Lartigue, A., Bernadac, A., Nitsche, S., Vacelet, J., et al.
(2009). Mimivirus and Mimiviridae: giant viruses with an increasing number of
potential hosts, including corals and sponges. J. Invertebr. Pathol. 101, 172–180.
doi: 10.1016/j.jip.2009.03.011
Cock, J. M., Sterck, L., Rouzé, P., Scornet, D., Allen, A. E., Amoutzias, G.,
et al. (2010). The Ectocarpus genome and the independent evolution of
multicellularity in brown algae. Nature 465, 617–621. doi: 10.1038/nature
09016
Constable, A. J., Melbourne-Thomas, J., Corney, S. P., Arrigo, K. R., Barbraud, C.,
Barnes, D. K. A., et al. (2014). Climate change and Southern Ocean ecosystems
I: how changes in physical habitats directly affect marine biota. Glob. Chang.
Biol. 20, 3004–3025. doi: 10.1111/gcb.12623
de Vargas, C., Audic, S., Henry, N., Decelle, J., Mahe, F., Logares, R., et al.
(2015). Eukaryotic plankton diversity in the sunlit ocean. Science 348:1261605.
doi: 10.1126/science.1261605
Deacon, G. E. R. (1982). Physical and biological zonation in the Southern Ocean.
Deep Sea Res. Part A. Oceanogr. Res. Pap. 29, 1–15. doi: 10.1016/0198-0149(82)
90058-9
Dejean, T., Valentini, A., Miquel, C., Taberlet, P., Bellemain, E., and Miaud, C.
(2012). Improved detection of an alien invasive species through environmental
DNA barcoding: the example of the American bullfrog Lithobates
catesbeianus. J. Appl. Ecol. 49, 953–959. doi: 10.1111/j.1365-2664.2012.02
171.x
Donlon, C. J., Martin, M., Stark, J., Roberts-Jones, J., Fiedler, E., and Wimmer, W.
(2012). The operational sea surface temperature and sea ice analysis
(OSTIA) system. Remote Sens. Environ. 116, 140–158. doi: 10.1016/j.rse.2010.
10.017
Donners, J., and Drijfhout, S. S. (2004). The Lagrangian view of South Atlantic
interocean exchange in a global ocean model compared with inverse model
results. J. Phys. Oceanogr. 34, 1019–1035. doi: 10.1175/1520-0485(2004)
034<1019:TLVOSA>2.0.CO;2
Frontiers in Microbiology | www.frontiersin.org 15 July 2018 | Volume 9 | Article 1474
fmicb-09-01474 July 16, 2018 Time: 17:54 # 16
Flaviani et al. Distinct Microbiomes Across the APF
Dunigan, D. D., Fitzgerald, L. A., and Van Etten, J. L. (2006). Phycodnaviruses: a
peek at genetic diversity. Virus Res. 117, 119–132. doi: 10.1016/j.virusres.2006.
01.024
Duran, R. (2010). “Marinobacter,” in Handbook of Hydrocarbon and Lipid
Microbiology, ed. K. N. Timmis (Berlin: Springer), 1725–1735. doi: 10.1007/978-
3-540-77587-4_122
Eastman, J. T. (1993). Antarctic Fish Biology?: Evolution in a Unique Environment.
San Diego, CA: Academic Press.
Falkowski, P. G., Fenchel, T., and Delong, E. F. (2008). The microbial engines
that drive earth’s biogeochemical cycles. Science 320, 1034–1039. doi: 10.1126/
science.1153213
Field, C. B. (1998). Primary production of the biosphere: integrating terrestrial and
oceanic components. Science 281, 237–240. doi: 10.1126/science.281.5374.237
Filée, J., Siguier, P., and Chandler, M. (2007). I am what I eat and I eat what I
am: acquisition of bacterial genes by giant viruses. Trends Genet. 23, 10–15.
doi: 10.1016/j.tig.2006.11.002
Flaviani, F., Schroeder, D., Balestreri, C., Schroeder, J., Moore, K., Paszkiewicz, K.,
et al. (2017). A pelagic microbiome (viruses to protists) from a small cup of
seawater. Viruses 9:E47. doi: 10.3390/v9030047
Frederickson, C. M., Short, S. M., and Suttle, C. A. (2003). The physical
environment affects cyanophage communities in british columbia inlets.
Microb. Ecol. 46, 348–357. doi: 10.1007/s00248-003-1010-2
Giebel, H. A., Brinkhoff, T., Zwisler, W., Selje, N., and Simon, M. (2009).
Distribution of Roseobacter RCA and SAR11 lineages and distinct bacterial
communities from the subtropics to the Southern Ocean. Environ. Microbiol.
11, 2164–2178. doi: 10.1111/j.1462-2920.2009.01942.x
Gilbert, J. A., Bailey, M., Field, D., Fierer, N., Fuhrman, J. A., Hu, B., et al. (2011).
The earth microbiome project: the meeting report for the 1st international earth
microbiome project conference, Shenzhen, China, June 13th-15th 2011. Stand.
Genomic Sci. 5, 243–247. doi: 10.4056/sigs.2134923
Goodwin, S., McPherson, J. D., and McCombie, W. R. (2016). Coming of age: ten
years of next-generation sequencing technologies. Nat. Rev. Genet. 17, 333–351.
doi: 10.1038/nrg.2016.49
Gordon, A. L. (1986). Interocean exchange of thermocline water. J. Geophys. Res.
91, 5037–5046. doi: 10.1029/JC091iC04p05037
Green, J., and Bohannan, B. J. M. (2006). Spatial scaling of microbial biodiversity.
Trends Ecol. Evol. 21, 501–507. doi: 10.1016/j.tree.2006.06.012
Hahn, M. W. (2004). Broad diversity of viable bacteria in “sterile” (0.2
µm) filtered water. Res. Microbiol. 155, 688–691. doi: 10.1016/j.resmic.2004.
05.003
Handelsman, J. (2004). Metagenomics: application of genomics to uncultured
microorganisms. Microbiol. Mol. Biol. Rev. 68, 669–685. doi: 10.1128/MBR.68.
4.669
Hasegawa, H., Naganuma, K., Nakagawa, Y., and Matsuyama, T. (2003). Membrane
filter (pore size, 0.22-0.45 micro m; thickness, 150 micro m) passing-through
activity of Pseudomonas aeruginosa and other bacterial species with indigenous
infiltration ability. FEMS Microbiol. Lett. 223, 41–46. doi: 10.1016/S0378-
1097(03)00327-6
Hingamp, P., Grimsley, N., Acinas, S. G., Clerissi, C., Subirana, L., Poulain, J.,
et al. (2013). Exploring nucleo-cytoplasmic large DNA viruses in Tara Oceans
microbial metagenomes. ISME J. 7, 1678–1695. doi: 10.1038/ismej.2013.59
Horiguchi, T. (2015). “Diversity and phylogeny of marine parasitic dinoflagellates,”
in Marine Protists, eds S. Ohtsuka, T. Suzaki, T. Horiguchi, N. Suzuki, and F.
Not (Tokyo: Springer), 397–419. doi: 10.1007/978-4-431-55130-0_16
Hunter, R. L., and Halanych, K. M. (2008). Evaluating connectivity in the brooding
brittle star Astrotoma agassizii across the drake passage in the Southern Ocean.
J. Hered. 99, 137–148. doi: 10.1093/jhered/esm119
Hurwitz, B. L., and Sullivan, M. B. (2013). The Pacific Ocean virome (POV):
a marine viral metagenomic dataset and associated protein clusters for
quantitative viral ecology. PLoS One 8:e57355. doi: 10.1371/journal.pone.
0057355
Ikeda, K., Doi, H., Tanaka, K., Kawai, T., and Negishi, J. N. (2016). Using
environmental DNA to detect an endangered crayfish Cambaroides japonicus in
streams. Conserv. Genet. Resour. 8, 231–234. doi: 10.1007/s12686-016-0541-z
Ikeda, Y., Siedler, G., and Zwierz, M. (1989). On the variability of Southern Ocean
front locations between southern Brazil and the Antarctic Peninsula. J. Geophys.
Res. 94, 4757–4762. doi: 10.1029/JC094iC04p04757
Kopf, A., Bicak, M., Kottmann, R., Schnetzer, J., Kostadinov, I., Lehmann, K., et al.
(2015). The ocean sampling day consortium. Gigascience 4:27. doi: 10.1186/
s13742-015-0066-5
Laursen, L. (2011). Spain’s ship comes in. Nature 475, 16–17. doi: 10.1038/475016a
Lebret, K., Schroeder, J., Balestreri, C., Highfield, A., Cummings, D., Smyth, T.,
et al. (2016). Choice of molecular barcode will affect species prevalence but
not bacterial community composition. Mar. Genomics 29, 39–43. doi: 10.1016/
j.margen.2016.09.001
Lima-Mendez, G., Faust, K., Henry, N., Decelle, J., Colin, S., Carcillo, F.,
et al. (2015). Determinants of community structure in the global plankton
interactome. Science 348:1262073. doi: 10.1126/science.1262073
Loman, N. J., Misra, R. V., Dallman, T. J., Constantinidou, C., Gharbia, S. E.,
Wain, J., et al. (2012). Performance comparison of benchtop high-throughput
sequencing platforms. Nat. Biotechnol. 30, 434–439. doi: 10.1038/nbt.2198
Mahé, F., Rognes, T., Quince, C., de Vargas, C., and Dunthorn, M. (2014). Swarm:
robust and fast clustering method for amplicon-based studies. PeerJ 2:e593.
doi: 10.7717/peerj.593
Malviya, S., Scalco, E., Audic, S., Vincent, F., Veluchamy, A., Bittner, L., et al.
(2015). Insights into global diatom distribution and diversity in the world’s
ocean. Proc. Natl. Acad. Sci. U.S.A. 113, E1516–E1525. doi: 10.1073/pnas.
1509523113
Mendes, C. R. B., Kerr, R., Tavano, V. M., Cavalheiro, F. A., Garcia, C. A. E.,
Dessai, D. R. G., et al. (2015). Cross-front phytoplankton pigments and
chemotaxonomic groups in the Indian sector of the Southern Ocean. Deep Sea
Res. II 118 (Pt B), 221–232. doi: 10.1016/j.dsr2.2015.01.003i
Mihara, T., Nishimura, Y., Shimizu, Y., Nishiyama, H., Yoshikawa, G., Uehara, H.,
et al. (2016). Linking virus genomes with host taxonomy. Viruses 8:66.
doi: 10.3390/v8030066
Milici, M., Vital, M., Tomasch, J., Badewien, T. H., Giebel, H. A., Plumeier, I., et al.
(2017). Diversity and community composition of particle-associated and free-
living bacteria in mesopelagic and bathypelagic Southern Ocean water masses:
evidence of dispersal limitation in the Bransfield Strait. Limnol. Oceanogr. 62,
1080–1095. doi: 10.1002/lno.10487
Moxley, K., and Schmidt, S. (2012). Isolation of a phenol-utilizing marine
bacterium from Durban Harbour (South Africa) and its preliminary
characterization as Marinobacter sp. KM2. Water Sci. Technol. 65, 932–939.
doi: 10.2166/wst.2012.940
Ondov, B. D., Bergman, N. H., and Phillippy, A. M. (2011). Interactive
metagenomic visualization in a Web browser. BMC Bioinformatics 12:385.
doi: 10.1186/1471-2105-12-385
Palumbi, S. R. (1992). Marine speciation on a small planet. Trends Ecol. Evol. 7,
114–118. doi: 10.1016/0169-5347(92)90144-Z
Palumbi, S. R. (1994). Genetic divergence, reproductive isolation, and marine
speciation. Annu. Rev. Ecol. Syst. 25, 547–572. doi: 10.1146/annurev.es.25.
110194.002555
Popova, E. E., Ryabchenko, V. A., and Fasham, M. J. R. (2000). Biological pump
and vertical mixing in the southern ocean: their impact on atmospheric CO2.
Global Biogeochem. Cycles 14, 477–498. doi: 10.1029/1999GB900090
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219
Rio, M.-H., Mulet, S., and Picot, N. (2013). “New global mean dynamic topography
from a goce geoid model, altimeter measurements and oceanographic in-situ
data,” in Proceedings of the Conference Held on 9–13 September 2013: ESA Living
Planet Symposium, Edinburgh.
Roesch, L. F. W., Fulthorpe, R. R., Riva, A., Casella, G., Hadwin, A. K. M., Kent,
A. D., et al. (2007). Pyrosequencing enumerates and contrasts soil microbial
diversity. ISME J. 1, 283–290. doi: 10.1038/ismej.2007.53
Rusch, D. B., Halpern, A. L., Sutton, G., Heidelberg, K. B., Williamson, S.,
Yooseph, S., et al. (2007). The Sorcerer II Global Ocean Sampling expedition:
northwest Atlantic through eastern tropical Pacific. PLoS Biol. 5:e77.
doi: 10.1371/journal.pbio.0050077
Rusciano, E., Speich, S., and Ollitrault, M. (2012). Interocean exchanges and the
spreading of Antarctic Intermediate Water south of Africa. J. Geophys. Res.
Ocean. 117, 1–21. doi: 10.1029/2012JC008266
Schroeder, D. C. (2015). More to Phaeovirus infections than first meets the eye.
Perspect. Phycol. 2, 105–109. doi: 10.1127/pip/2015/0034
Frontiers in Microbiology | www.frontiersin.org 16 July 2018 | Volume 9 | Article 1474
fmicb-09-01474 July 16, 2018 Time: 17:54 # 17
Flaviani et al. Distinct Microbiomes Across the APF
Seymour, J. R., Seuront, L., Doubell, M., Waters, R. L., and Mitchell, J. G.
(2006). Microscale patchiness of virioplankton. J. Mar. Biol. Assoc. 86, 551–561.
doi: 10.1017/S0025315406013464
Shaw, P. W., Arkhipkin, A. I., and Al-khairullaI, H. (2004). Genetic structuring of
Patagonian toothfish populations in the Southwest Atlantic Ocean: the effect
of the Antarctic Polar Front and deep-water troughs as barriers to genetic
exchange. Mol. Ecol. 13, 3293–3303. doi: 10.1111/j.1365-294X.2004.02327.x
Sogin, M. L., Morrison, H. G., Huber, J. A., Welch, D. M., Huse, S. M., Neal, P. R.,
et al. (2006). Microbial diversity in the deep sea and the underexplored “rare
biosphere” Proc. Natl. Acad. Sci. U.S.A. 103, 12115–12120. doi: 10.1073/pnas.
0605127103
Stoeck, T., Bass, D., Nebel, M., Christen, R., Jones, M. D. M., Breiner, H.-W., et al.
(2010). Multiple marker parallel tag environmental DNA sequencing reveals a
highly complex eukaryotic community in marine anoxic water. Mol. Ecol. 19,
21–31. doi: 10.1111/j.1365-294X.2009.04480.x
Sunagawa, S., Coelho, L. P., Chaffron, S., Kultima, J. R., Labadie, K., Salazar, G.,
et al. (2015). Structure and function of the global ocean microbiome. Science
348:1261359. doi: 10.1126/science.1261359
Suttle, C. A. (2005). Viruses in the sea. Nature 437, 356–361. doi: 10.1038/
nature04160
Suttle, C. A. (2007). Marine viruses — major players in the global ecosystem. Nat.
Rev. Microbiol. 5, 801–812. doi: 10.1038/nrmicro1750
Taberlet, P., Coissac, E., Hajibabaei, M., and Rieseberg, L. H. (2012). Environmental
DNA. Mol. Ecol. 21, 1789–1793. doi: 10.1111/j.1365-294X.2012.05542.x
Tabor, P. S., Ohwada, K., and Colwell, R. R. (1981). Filterable marine bacteria found
in the deep sea: distribution, taxonomy, and response to starvation. Microb.
Ecol. 7, 67–83. doi: 10.1007/BF02010479
Thornhill, D. J., Mahon, A. R., Norenburg, J. L., and Halanych, K. M. (2008).
Open-ocean barriers to dispersal: a test case with the Antarctic Polar Front and
the ribbon worm Parborlasia corrugatus (Nemertea: Lineidae). Mol. Ecol. 17,
5104–5117. doi: 10.1111/j.1365-294X.2008.03970.x
Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Duncan, A., Ley,
R. E., et al. (2009). A core gut microbiome in obese and lean twins. Nature 457,
480–484. doi: 10.1038/nature07540
Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J., Thomsen, P. F.,
et al. (2016). Next-generation monitoring of aquatic biodiversity using
environmental DNA metabarcoding. Mol. Ecol. 25, 929–942. doi: 10.1111/mec.
13428
Van Etten, J. L. (2003). Unusual life style of giant chlorella viruses. Annu. Rev.
Genet. 37, 153–195. doi: 10.1146/annurev.genet.37.110801.143915
Van Etten, J. L. (2011). Another really, really big virus. Viruses 3, 32–46.
doi: 10.3390/v3010032
Wilhelm, S. W., and Suttle, C. A. (1999). Viruses and Nutrient Cycles in the Sea:
viruses play critical roles in the structure and function of aquatic food webs.
Bioscience 49, 781–788. doi: 10.2307/1313569
Wilkins, D., Lauro, F. M., Williams, T. J., Demaere, M. Z., Brown, M. V.,
Hoffman, J. M., et al. (2013). Biogeographic partitioning of Southern Ocean
microorganisms revealed by metagenomics. Environ. Microbiol. 15, 1318–1333.
doi: 10.1111/1462-2920.12035
Williamson, S. J., Allen, L. Z., Lorenzi, H. A., Fadrosh, D. W., Brami, D.,
Thiagarajan, M., et al. (2012). Metagenomic exploration of viruses throughout
the Indian Ocean. PLoS One 7:e42047. doi: 10.1371/journal.pone.0042047
Williamson, S. J., Rusch, D. B., Yooseph, S., Halpern, A. L., Heidelberg, K. B.,
Glass, J. I., et al. (2008). The sorcerer II global ocean sampling expedition:
metagenomic characterization of viruses within aquatic microbial samples.
PLoS One 3:e1456. doi: 10.1371/journal.pone.0001456
Wilson, W. H., Schroeder, D. C., Allen, M. J., Holden, M. T. G., Parkhill, J., Barrell,
B. G., et al. (2005). Complete genome sequence and lytic phase transcription
profile of a Coccolithovirus. Science 309, 1090–1092. doi: 10.1126/science.
1113109
Wommack, K. E., and Colwell, R. R. (2000). Virioplankton: viruses in aquatic
ecosystems. Microbiol. Mol. Biol. Rev. 64, 69–114. doi: 10.1128/MMBR.64.1.69-
114.2000
Yakimov, M. M., Golyshin, P. N., Lang, S., Moore, E. R. B., Abraham, W.-R.,
Lunsdorf, H., et al. (1998). Alcanivorax borkumensis gen. nov., sp. nov., a
new, hydrocarbon-degrading and surfactant-producing marine bacterium. Int.
J. Syst. Bacteriol. 48, 339–348. doi: 10.1099/00207713-48-2-339
Yamada, T., Onimatsu, H., and Van Etten, J. L. (2006). Chlorella Viruses. Adv. Virus
Res. 66 293–336. doi: 10.1016/S0065-3527(06)66006-5
Yolken, R. H., Jones-Brando, L., Dunigan, D. D., Kannan, G., Dickerson, F.,
Severance, E., et al. (2014). Chlorovirus ATCV-1 is part of the human
oropharyngeal virome and is associated with changes in cognitive functions in
humans and mice. Proc. Natl. Acad. Sci. U.S.A. 111, 16106–16111. doi: 10.1073/
pnas.1418895111
Zinger, L., Amaral-Zettler, L. A., Fuhrman, J. A., Horner-Devine, M. C., Huse,
S. M., Welch, D. B. M., et al. (2011). Global patterns of bacterial beta-diversity
in seafloor and seawater ecosystems. PLoS One 6:e24570. doi: 10.1371/journal.
pone.0024570
Zinger, L., Gobet, A., and Pommier, T. (2012). Two decades of describing the
unseen majority of aquatic microbial diversity. Mol. Ecol. 21, 1878–1896. doi:
10.1111/j.1365-294X.2011.05362.x
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Flaviani, Schroeder, Lebret, Balestreri, Highfield, Schroeder,
Thorpe, Moore, Pasckiewicz, Pfaff and Rybicki. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Microbiology | www.frontiersin.org 17 July 2018 | Volume 9 | Article 1474
